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Synchronization of Neurogenesis and Motor
Neuron Specification by Direct Coupling of
bHLH and Homeodomain Transcription Factors
a single well-defined neuronal type—spinal cord motor
neurons. The dividing progenitor cells for motor neurons
express a unique combination of transcription factors
in response to Shh, including Pax6, Nkx6.1, Olig2, and
Mnr2 (Briscoe et al., 2000; Lee and Pfaff, 2001). These
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proteins have several roles in motor neuron develop-
ment: (1) repressing transcriptional programs for other
cell fates (Briscoe et al., 2000; Muhr et al., 2001), (2)
activating neurogenesis via proneural bHLH factors (Mi-
Summary
zuguchi et al., 2001; Novitch et al., 2001; Scardigli et al.,
2001), and (3) promoting expression of the LIM homeo-
Inductive signaling leads to the coactivation of regula- domain (LIM-HD) proteins Isl1 and Lhx3, required for
tory pathways for specifying general neuronal traits in motor neuron specification (Pfaff et al., 1996; Thaler et
parallel with instructions for neuronal subtype specifi- al., 2002). Thus, single factors such as Olig2 coordinately
cation. Nevertheless, the mechanisms that ensure that switch on both bHLH and HD proteins (Mizuguchi et al.,
these pathways are synchronized have not been de- 2001; Novitch et al., 2001).
fined. To address this, we examined how bHLH pro- Proneural bHLH transcription factors related to the
teins Ngn2 and NeuroM controlling neurogenesis Drosophila genes achaete scute and atonal have well-
functionally converge with LIM-homeodomain (LIM- established roles in neuronal differentiation: they upreg-
HD) factors Isl1 and Lhx3 involved in motor neuron ulate the cyclin-dependent kinase inhibitor p27Kip1 and
subtype specification. We found that Ngn2 and Neu- promote cell cycle withdrawal (Farah et al., 2000); they
roM transcriptionally synergize with Isl1 and Lhx3 to sequester the p300 coactivator required for glial cell
specify motor neurons in the embryonic spinal cord differentiation, thereby generating neurons at the ex-
and in P19 stem cells. The mechanism underlying this pense of glia (Sun et al., 2001); and they induce panneu-
cooperativity is based on interactions that directly ronal genes, such as -tubulin and neurofilament (Lee
couple the activity of the bHLH and LIM-HD proteins, et al., 1995). These general functions in neuronal differenti-
mediated by the adaptor protein NLI. This functional ation have, however, made it difficult to define the precise
link acts to synchronize neuronal subtype specifica- role of proneural bHLH factors in neuronal subtype specifi-
tion with neurogenesis. cation (Bertrand et al., 2002; Brunet and Ghysen, 1999).
Individual bHLH factors are commonly expressed in
multiple neuronal lineages, and consequently, muta-Introduction
tions in these genes have widespread effects on neuro-
genesis (Bertrand et al., 2002). In contrast, numerousIn the embryonic nervous system, many different sub-
misexpression studies with proneural bHLH factors havetypes of neurons are generated with distinct cellular and
induced specific cell types, such as ectopic chordotonalphysiological properties. Neurons for controlling loco-
organs with atonal and spinal cord interneurons with Ngn1motion, located within the ventral spinal cord, are gener-
(see Bertrand et al., 2002). In the case of motor neurons,ated through the coordinate actions of sonic hedgehog
Ngn1 and Ngn2 are required for the neurogenic program(Shh) and delta, which influence the subtype identity,
that produces these cells (Scardigli et al., 2001). How-timing of differentiation, number, and relative position
ever, the function of Ngn2 may not be limited to justof the cells (Bertrand et al., 2002; Briscoe and Ericson,
promoting neurogenesis, because replacement of the2001; Jessell, 2000; Tanabe and Jessell, 1996). These
Ngn2 gene with Mash1 maintains neurogenesis but failssignaling pathways modulate gene expression through
to specify motor neurons properly (Parras et al., 2002).the actions of multiple well-defined classes of transcrip-
Individual members of the LIM-HD protein family con-tion factors (Edlund and Jessell, 1999). Proneural basic-
tribute to the development of both neuronal and nonneu-helix-loop-helix (bHLH) proteins regulate general as-
ronal cell types (Hobert and Westphal, 2000), suggestingpects of neuronal identity, whereas homeodomain fac-
that their activity is context dependent. In cells undergo-tors commonly specify the subtype identity of particular
ing neurogenesis, Isl1 and Lhx3 specify motor neuron
neurons. These separate regulatory pathways are fre-
subtype identity (Thaler et al., 2002). Like all LIM-HD
quently coactivated to ensure that neuronal develop-
factors, they interact with the ubiquitous adaptor protein
ment and subtype specification occur together (Dubreuil NLI (Ldb, CLIM, Chip), which contains a LIM domain
et al., 2002; Mizuguchi et al., 2001; Novitch et al., 2001; binding site and a self dimerization motif (Jurata et al.,
Scardigli et al., 2001). However, the molecular mecha- 2000). Studies in a number of systems including spinal
nisms that maintain synchrony between these two interneurons have demonstrated that tetrameric com-
processes—neuronal specification and subtype iden- plexes comprised of 2NLI:2LIM-HD function in vivo (Ju-
tity—are not well characterized. rata et al., 2000; Thaler et al., 2002). In motor neurons,
In this report, we investigate how proneural and cell Isl1 and Lhx3 are coexpressed and therefore compete
fate transcription factors function in unison to specify for binding to NLI. The Lhx3 that is displaced from NLI
by Isl1 is available to bind to a high-affinity site in the
C terminus of Isl1 (Jurata et al., 1998; van Meyel et al.,*Correspondence: pfaff@salk.edu
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Figure 1. LIM and bHLH Transcription Factors Specify Motor Neuron Identity in a Cooperative Manner
(A–E) In situ hybridization analysis of HH stage 20 chick neural tube. Isl1, Lhx3, NeuroM, and Ngn2 are transiently expressed by differentiating
motor neurons (rectangle), while Cash1 is largely absent from these cells.
(F–J) Immunocytochemical analysis of motor neuron differentiation (Hb9 cells) in HH stage 24 chick embryos electroporated with the indicated
LIM-HD and bHLH Specification of Neuronal Subtypes
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1999), leading to the formation of an atypical complex epithelial cells along one side of the neural tube. Previ-
ous studies found that Isl1 and Lhx3 interact to form acomprised of 2NLI:2Isl1:2Lhx3 (Thaler et al., 2002). Thus,
the organization and subunit composition of NLI-based hexameric complex with widely expressed NLI in order
to specify motor neurons (Thaler et al., 2002). As ex-LIM complexes varies considerably in different cell
types. Yet in all cases examined to date, NLI-mediated pected, coexpression of Isl1 and Lhx3 in dorsal neural
tube cells endogenously expressing NLI induced ec-dimerization is essential for proper LIM-HD function in
vivo (Becker et al., 2002; Milan and Cohen, 1999; Segawa topic motor neurons labeled by Hb9, Isl2, SC1, and cho-
line acetyl transferase (Figure 1F, data not shown) (Ta-et al., 2001; Thaler et al., 2002; van Meyel et al., 1999).
nabe et al., 1998; Thaler et al., 2002). Since the LIMTo understand how LIM-HD and proneural bHLH fac-
factors alone lack neurogenic activity (see below), wetors integrate their activity into a coherent differentiation
reasoned that ectopic motor neuron generation mightprogram for neuronal specification, we examined the
depend on the presence of endogenous neurogenicfunction of Ngn2, NeuroM, Isl1, and Lhx3 in motor neu-
bHLH factors present in the dorsal neural tube, such asron differentiation. We show that Ngn2 and NeuroM ac-
Ngn2, NeuroM, and Cash1. Therefore, we coexpressedtively participate with Isl1 and Lhx3 to specify motor
Isl1, Lhx3, and NeuroM by electroporation in order toneuron subtype identity. This cooperativity derives from
increase the coincidence of coexpression and found athe architecture of the LIM-HD complexes. Specifically,
marked enhancement in the efficiency of ectopic motorwhen NLI bridges LIM-HD proteins bound at two distinct
neuron specification (Figures 1F and 1G). Likewise, theDNA sites, a conformational change occurs that facili-
chimeric molecule DD-Isl1-Lhx3, which acts as a self-tates transcriptional synergy with neighboring proneural
dimerizing analog of the LIM complex for motor neuronbHLH factors. These findings define a mechanism by
specification (Thaler et al., 2002), was 6-fold more effi-which neuronal subtype identity is directly coupled to
cient when coexpressed with either Ngn2 or NeuroMneurogenesis, serving to unify the separate develop-
(Figures 1H–1J). NeuroM and Ngn2 without the LIM-mental processes.
HD factors are insufficient to promote motor neuron
development (data not shown), consistent with the ob-
Results servation that these two bHLH factors are also ex-
pressed by non-motor neurons. Thus, the coexpression
LIM-HD and bHLH Transcription Factors Act of Isl1, Lhx3, and NeuroM was particularly efficient at
Coordinately to Specify Motor Neurons promoting motor neuron differentiation, and even elec-
To understand the relationship between the transcrip- troporated neural crest derivatives appeared to be con-
tional pathways controlling neurogenesis and those verted into motor neurons by this combination of factors
specifying neuronal subtype identity, we focused on (see Figure S1A in the Supplemental Data available at
motor neuron development. As immature postmitotic http://www.neuron.org/cgi/content/full/38/5/731/DC1).
motor neurons emerge from the ventricular zone, they To further test the necessity of bHLH and LIM-HD
coexpress the LIM homeodomain genes Isl1 and Lhx3 cooperativity in generating motor neurons, we chose a
(Figures 1A and 1B) (Sharma et al., 1998; Tsuchida et cellular context in which the activity of these proteins
al., 1994). Likewise, Ngn2 and NeuroM (Math3) are ex- could be examined in the absence of endogenous motor
pressed during this transient period in motor neuron neuron transcription factors. Mouse P19 embryonal car-
development, whereas other bHLH factors such as cinoma cells are multipotential and devoid of Isl1, Lhx3,
Cash1 (Mash1) are excluded from this area of the neural NeuroM, and Ngn2 while grown under nondifferentiating
tube (Figures 1C–1E) (Johnson et al., 1990; Ma et al., conditions (data not shown). Occasionally, weakly ex-
1996; Roztocil et al., 1997; Scardigli et al., 2001). Thus, pressing, small Hb9 cells were detected within these
Isl1, Lhx3, and the combination of Ngn2 plus NeuroM cultures, but these rare cells were not neurons (data not
mark a transient period in the development of motor shown) and could represent endodermal or mesodermal
neurons, when the cells are departing from the ventricu- derivatives marked by Hb9 (see Figure 1L) (Harrison
lar zone and settling in the mantle layer. During this et al., 1994). Unlike the dorsal neural tube, P19 cells
phase these cells begin to acquire general neuronal transfected with Isl1 and Lhx3 fail to differentiate into
properties, become postmitotic, and differentiate as ma- motor neurons (Figures 1K and 1L). Similarly, neither
ture motor neurons. Ngn2 nor NeuroM were sufficient to induce motor neu-
Next, we examined the functional relationship be- ron differentiation (Figures 1M–1O; data not shown), de-
tween the LIM-HD and bHLH factors in motor neuron spite their proneural activity in these cells (Farah et al.,
generation. We used chick embryo in ovo electropora- 2000). The combination of Isl1, Lhx3, NeuroM, and E47,
on the other hand, triggered the expression of Hb9tion to introduce DNA expression constructs into neuro-
LIM and bHLH constructs. DD-Isl1-Lhx3 is a triple fusion of the dimerization domain (DD) of NLI with the C-terminal ends of Isl1 and Lhx3
(Thaler et al., 2002).
(F and G) Coelectroporation of NeuroM with Isl1 and Lhx3 potentiates the generation of ectopic motor neurons.
(H–J) Misexpression of NeuroM or Ngn2 with DD-Isl1-Lhx3 markedly enhances motor neuron formation in the dorsal spinal cord.
(K–Q) Motor neuron differentiation analysis in transfected P19 cells.
(K and L) Isl1 plus Lhx3 failed to drive motor neuron differentiation in P19 cells.
(N and O) NeuroM and the dimerizing partner E47 also fail to specify motor neurons.
(M, P, and Q) The coexpression of Isl1, Lhx3, NeuroM, and E47 trigger the differentiation of Hb9 motor neurons in 60% of the transfected
P19 cells.
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in 60% of the transfected P19 cells (Figures 1M, 1P, C-terminal and N-terminal regions of NeuroM are dis-
pensable.and 1Q). The Hb9 cells displayed the expected proper-
ties of postmitotic cholinergic motor neurons: they did Next, we tested which bHLH derivatives could cooper-
ate with Isl1 and Lhx3 to specify motor neurons. Bothnot divide, expressed neurofilament and -tubulin, and
were labeled by antibodies for the vesicular acetylcho- NeuroM AQ and Ngn2 AQ were defective at inducing
neuronal differentiation, and as expected, these bHLHline transporter (VAChT) (Figure S1B–S1E at http://
www.neuron.org/cgi/content/full/38/5/731/DC1; data not derivatives failed to enhance the motor neuron-inducing
activity of the LIM-HD factors (Figures 3I, 3J, and 3M).shown). With this combination of transcription factors,
P19 cell differentiation with retinoic acid was unneces- Conversely, the NeuroM N derivative had neurogenic
activity and was equivalent to wild-type NeuroM in po-sary, but the addition of the bHLH dimerization partner
E47 enhanced slightly the efficiency of motor neuron tentiating motor neuron differentiation (Figures 3A–3F
and 3M). This raised the possibility that the generic acti-specification. Taken together, these results demon-
strate that proneural bHLH factors cooperate with LIM- vation of neuronal differentiation might be sufficient to
stimulate motor neuron development with the LIM-HDHD proteins to generate motor neurons in a cell-autono-
mous manner. proteins. Nevertheless, this was not the case. Ngn2,
NeuroM, and Mash1 all promote neuronal differentiation
(Figures 2H and 2I) (Mizuguchi et al., 2001; Novitch etDissociation of the Pathways for Neurogenesis
al., 2001); however, Mash1 was unable to cooperateand Neuronal Subtype Specification
with Isl1 and Lhx3 (Figures 3K–3M). Likewise, NeuroMTo characterize the basis for the cooperation between
C, which is transcriptionally active in P19 cells and hasbHLH and LIM-HD proteins in motor neuron differentia-
proneural activity (Figures 2B, 2E, 2H, and 2I), also failedtion, we examined the neurogenic activity of wild-type
to cooperate with the LIM-HD factors in embryo electro-and mutated derivatives of Ngn2, NeuroM, and Mash1.
porations (Figures 3G, 3H, and 3M). Likewise, neitherNeuronal differentiation was assayed by monitoring the
Mash1 nor NeuroMC significantly enhanced the gener-position, mitotic activity, and gene expression profile of
ation of motor neurons from P19 cells (data not shown).electroporated cells. In the chick neural tube, nLacZ
Thus, LIM-HD activity is not stimulated by activation ofwas expressed without bias across the medial-lateral
neuronal differentiation per se, rather the cooperativeaxis of the neural tube including both medial dividing
interactions between LIM-HD and proneural bHLH fac-BrdU and lateral postmitotic p27Kip1 cells (Figure 2C).
tors appear to be more specific.As expected, the forced expression of NeuroM, Mash1,
and Ngn2 each triggered neuronal differentiation. This
Isl1, Lhx3, and NeuroM Stimulate Motor Neuronwas accompanied by a lateral settling of electroporated
Enhancer Activitycells, upregulation of p27Kip1, lack of BrdU incorporation,
To understand how bHLH and LIM-HD factors cooperatedepletion of precursor cells leading to a reduced neural
to specify motor neurons, we used a 250 nucleotidetube size, and precocious expression of panneuronal
motor neuron enhancer (MNE) isolated from the Hb9genes -tubulin and neurofilament (Figures 2D, 2F, 2H,
gene (Figure S2 at http://www.neuron.org/cgi/content/and 2I; data not shown) (Mizuguchi et al., 2001; Novitch
full/38/5/731/DC1) (S.-K.L. and S.L.P., unpublished data)et al., 2001). Isl1 and Lhx3 failed to promote neural differ-
as a functional substrate to characterize transcriptionentiation in the same way as the proneural genes, and
in motor neurons. Hb9 is a transcription factor that isconsequently they did not clearly segregate into the
evolutionarily conserved, expressed selectively by em-lateral postmitotic p27Kip1 cell population (Figures 2G
bryonic motor neurons, required for proper motor neu-and 2I). Nevertheless, a slight bias in the cellular distribu-
ron development, and that induces motor neuron differ-tion of the LIM-HD factors was observed toward postmi-
entiation when ectopically expressed (Arber et al., 1999;totic cells compared to nLacZ (Figure 2I). This lateral
Tanabe et al., 1998; Thaler et al., 1999). Electroporationbias might be due to functional cooperation between
of MNE::GFP results in selective reporter expression inLIM-HD proteins and bHLH factors resident within the
motor neurons (Figures 4A and 4B). By comparison,dorsal neural tube.
CMV::GFP is expressed throughout the neural tube.To understand mechanistically how neurogenesis is
Coelectroporation of the chimera DD-Isl1-Lhx3 andregulated by the proneural bHLH factors, we generated
NeuroM efficiently activated GFP expression in the dor-mutations in NeuroM and Ngn2 (Figure 2A) and moni-
sal neural tube (Figure 4D). This activity was not mim-tored their neuronal differentiation activity following mis-
icked by Mash1 (Figure 4E). In fact, Mash1 appeared toexpression in the neural tube. We found that N-terminal
inhibit GFP expression in the endogenous motor neuron(NeuroM N) and C-terminal (NeuroM C) deletions of
population.NeuroM retained their transactivating function when
tested as Gal4-fusions in transcription assays with P19
cells (Figures 2A and 2B). In fact, the bHLH domain alone Proneural bHLH and LIM-HD Proteins Directly
Interact with MNEwas sufficient to activate transcription. Correspond-
ingly, both NeuroM N and NeuroM C retained near Our results implicated Isl1, Lhx3, and NeuroM in the
regulatory events that underlie motor neuron develop-wild-type levels of proneural activity (Figures 2D, 2E,
2H, and 2I). In contrast, mutating the DNA binding do- ment, but it remained unclear whether these transcrip-
tion factors acted directly or indirectly. To address this,main within NeuroM (NeuroM AQ) and Ngn2 (Ngn2 AQ)
abolished their ability to promote neuronal differentia- we characterized the proteins that bind to MNE. Se-
quence analysis revealed two evolutionarily conservedtion (Figures 2A and 2H; data not shown). Thus, DNA
binding is required for neurogenesis, whereas the E box elements (CANNTG) within MNE (Figure 4A and
LIM-HD and bHLH Specification of Neuronal Subtypes
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Figure 2. N- and C-Terminal Truncations of NeuroM Retain Their Neurogenic Activity
(A) Schematic of the bHLH constructs used for functional studies. NeuroM AQ contains a missense mutation that disrupts DNA binding,
NeuroM bHLH is the isolated bHLH domain, NeuroM C lacks the C terminus, NeuroM N lacks the N terminus, Ngn2 AQ contains a missense
mutation that disrupts DNA binding. Each bHLH construct was prepared as a Myc epitope-tagged version and as a Gal4 DNA binding domain
fusion.
(B) Transcription assay in P19 cells cotransfected with Gal4-bHLH fusion constructs and a UAS-luciferase reporter plasmid.
(C–G) Immunostaining of postmitotic marker p27 (green) in spinal cord cells electroporated with nLacZ, NeuroM, NeuroM C, Mash1, or DD-
Isl1-Lhx3 (red). nLacZ and DD-Isl1-Lhx3 are detected in medial (m) dividing cells, whereas the bHLH factors are predominantly localized in
lateral (l) p27 postmitotic cells.
(H and I) Quantitative analysis of dividing BrdU/p27 neural tube cells in HH stage 20 chick embryos. NeuroM, NeuroM C, and Mash1 are
largely excluded from dividing cells (H and I), promote cell cycle exit (D–F), and trigger -tubulin expression (data not shown), whereas nLacZ
and the DNA binding mutant NeuroM AQ lack these proneural activities.
Neuron
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Figure 3. The Neurogenic Function and Motor Neuron Inducing Activity of bHLH Proteins Can Be Dissociated
(A–L) Immunocytochemical analysis of motor neuron differentiation (Hb9 cells) in HH stage 24 chick embryos electroporated with the NLI-
LIM fusion construct DD-Isl1-Lhx3 (Thaler et al., 2002) and the indicated bHLH factors.
(M) The efficiency of motor neuron generation was determined by identifying the electroporated cells with Lhx3 staining (green) and quantifying
the number of cells labeled by the motor neuron marker Hb9 (red) (B, D, F, H, J, and L).
Figure S2 at http://www.neuron.org/cgi/content/full/38/ sion in motor neurons (Figure 4E). To investigate the
basis for this antagonistic effect, we tested whether5/731/DC1). DNA-protein complexes formed between
the M50 and M100A oligonucleotides containing these Mash1 could bind to the E box sites within MNE. ChIP
detected myc-tagged Mash1 bound to the endogenousE box sites when incubated with NeuroM and its dimeriz-
ing partner E47 (Figure 4F, lanes 1–4; data not shown). Hb9 gene in P19 cells (Figure 4G, lanes 8–10). EMSA
analysis revealed a similar affinity and DNA bindingThe migration of the complex was retarded and/or dis-
rupted by the presence of antibodies to epitope tags specificity for Mash1 and NeuroM to the E box sites
within MNE (data not shown). Taken together, our find-on NeuroM and E47, indicating that both proteins were
present in the complex (Figure 4B, lanes 5–7). Specific ings support a model in which NeuroM and Mash1 bind
to similar DNA sequences but interact differently withand nonspecific oligonucleotide binding site competi-
tors were used to establish the selectivity of NeuroM:E47 proteins for gene expression.
Next, we wanted to test whether Isl1 and Lhx3 alsobinding to the E box sites within MNE (Figure 4B, lanes
8–14). directly bind to sequences within MNE, but cis-elements
for these proteins have not been characterized. SinceTo investigate the interaction of NeuroM with MNE
in vivo, we performed chromatin immune precipitation NLI mediates the dimerization of Isl1:Lhx3 complexes
(Thaler et al., 2002), we reasoned that the DNA target(ChIP) experiments. First, a 9 kb segment of the Hb9
promoter (Arber et al., 1999; Thaler et al., 1999), con- might be repeated and A/T-rich, like other homeodomain
elements. Sequence alignments within MNE revealedtaining MNE, was used as a substrate. P19 cells were
transfected with the Hb9 promoter together with expres- two similar sequences [AATTAT(T/C)TT] spaced apart
by 150 nucleotides (Figures 5A and 5B; Supplementalsion constructs for Isl1, Lhx3, flag-tagged NeuroM, and
E47. When anti-flag antibody was used to immunopurify Figure S2 at http://www.neuron.org/cgi/content/full/38/
5/731/DC1).NeuroM nucleoprotein complexes, MNE DNA was de-
tected in the precipitate (Figure 4G, lanes 1–4). Next, To determine whether Isl1 and Lhx3 bind to MNE, four
oligonucleotides (Figure 5A; Supplemental Figure S2 atwe tested for interactions with the endogenous Hb9
gene in P19 cells and found that NeuroM also binds to http://www.neuron.org/cgi/content/full/38/5/731/
DC1) spanning the motor neuron enhancer were testedthe native MNE sequences (Figure 4G, lanes 5–7). In
these ChIP experiments, IgG and vector-only transfec- in mobility shift experiments. The LIM domains of Lhx3
bind stoichiometrically to Isl1 (Jurata et al., 1998; Thalertions were used to control for antibody and protein spec-
ificity, respectively (Figure 4G), and NeuroM expression et al., 2002; van Meyel et al., 1999). This interaction
appears to be critical for DNA binding, because neitherlevels appeared comparable to that of endogenous
genes (e.g., compare Figure 1P to 1Q). Finally, to deter- Isl1 nor Lhx3 alone bound to DNA, but mixtures of the
two proteins interacted with the oligonucleotides M50mine whether NeuroM binding to MNE was necessary
for gene expression in motor neurons, we used site- (lanes 1–4) and M100C (lanes 9–12) (Figure 5H). Addition
of antibodies against either Isl1 or Lhx3 altered the DNAdirected mutagenesis to disrupt NeuroM binding to the E
box sites in the M50 and M100A regions of the enhancer migration and/or protein interactions (Figure 5H), con-
firming that both Isl1 and Lhx3 were present in the nu-(Figure 4A, E-mt). MNE (E-mt)::GFP was not expressed
in motor neurons, suggesting that these sites are critical cleoprotein complex. Binding of Isl1:Lhx3 protein to M50
and M100C DNA was found to depend on the ATTA coreregulatory elements (Figure 4C).
Mash1 is found to antagonize motor neuron differenti- sequence within the repeats, whereas oligonucleotides
mutant in the GTTC sequence were fully active in proteination (Parras et al., 2002) and block MNE::GFP expres-
LIM-HD and bHLH Specification of Neuronal Subtypes
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Figure 4. NeuroM:E47 Complexes Bind and
Activate Motor Neuron Enhancers
(A) Alignment of the motor neuron enhancer
in the mouse and human Hb9 genes reveals
two highly conserved subregions, M50 and
M100 (see Supplemental Figure S2 at http://
www.neuron.org/cgi/content/full/38/5/731/
DC1). Two evolutionarily conserved E box el-
ements (green boxes) are located within
these sequences, which were mutated in the
E-mt constructs as indicated.
(B–E) GFP expression in HH stage 24 chick
embryos following electroporation of MNE::
GFP or derivatives with site-directed muta-
tions in the E boxes MNE (E-mt)::GFP.
(B) MNE::GFP expression is restricted to mo-
tor neurons.
(C) Mutation of the E box elements disrupts
motor neuron enhancer activity.
(D) Coelectroporation of the LIM fusion DD-
Isl1-Lhx3, NeuroM, and the reporter MNE::
GFP led to ectopic expression of GFP in the
dorsal neural tube.
(E) Mash1 was unable to cooperate with the
LIM factors to activate the reporter, rather it
appeared to antagonize the normal expres-
sion of MNE::GFP in motor neurons.
(F) NeuroM:E47 protein binding to the motor
neuron enhancer was examined by gel retar-
dation assays. The M100A probe (Supple-
mental Figure S2 at http://www.neuron.org/
cgi/content/full/38/5/731/DC1) containing
the 3 E box element was incubated with HA-
tagged E47 (lane 2), flag-tagged NeuroM (lane
3), or combinations of both proteins (lane 4).
A prominent DNA:protein complex was gen-
erated with NeuroM and E47 (lane 4). This
complex was supershifted by antibodies di-
rected against the flag epitope (lane 5), the HA
epitope (lane 6), and blocked by an antibody
against E47 (lane 7). DNA protein binding was
unaffected by control IgGs (data not shown).
The binding was challenged by 50- or 100-
fold molar excess of the unlabeled M100A
probe (lanes 9 and 10), E box mutated M100A
(lanes 11 and 12), or unrelated oligo (lanes 13
and 14). NeuroM was also found to bind with
high specificity to the 5 E box element in the
M50 probe (data not shown).
(G) Chromatin immune precipitation analysis
with antibodies against flag-tagged NeuroM
and myc-tagged Mash1. Lane 1 is a DNA size
standard. Samples in lanes 2–4 were pre-
pared from P19 cells transfected with Isl1,
Lhx3, and a 9 kb segment of the Hb9 promoter. Flag-NeuroM was transfected in lanes 2 and 4, and a control vector was used in lane 3. In
lanes 5–7, the experiment was repeated to detect interactions with the endogenous Hb9 gene (i.e., the Hb9 promoter was not transfected).
Samples in lanes 8–10 were generated from P19 cells transfected with a myc-Mash1 construct. Immunoprecipitation (IP) with anti-myc but
not IgG detected Mash1 binding to the native Hb9 gene in vivo.
binding (Figure 5I). For convenience, these A/T-rich sites together with the Hb9 promoter were used for chromatin
precipitations in a first set of experiments. As with Neu-were termed Isl1:Lhx3 elements (IL-E). As observed with
other LIM-HD factors (Jurata and Gill, 1997), the roM above, anti-flag antibodies immune-precipitated
Isl1:Lhx3 nucleoprotein complexes formed on trans-Isl1:Lhx3-shifted band disappeared when NLI was
added to the binding reaction (data not shown). This is fected MNE DNA (Figure 5J, lanes 1–5). Likewise, in a
second set of experiments Isl1:Lhx3 was also found todue to crosslinking of the LIM proteins via NLI dimeriza-
tion, leading to the formation of high molecular weight bind to the endogenous Hb9 gene in P19 cells (Figure
5J, lanes 6–10). Consistent with these findings, mutationmultimeric complexes difficult to resolve in gels.
To establish that Isl1 and Lhx3 bind MNE in cells, we of the IL-E sequences where Isl1:Lhx3 complexes inter-
act with Hb9 disrupted MNE activity in embryos (Figuresmonitored protein-DNA interactions in vivo using ChIP.
P19 cells transfected with Isl1, Lhx3, NeuroM, and E47 5C and 5D). Likewise, mutations in the DNA binding
Neuron
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Figure 5. Isl1:Lhx3 Protein Complexes Rec-
ognize Direct Repeats in MNE
(A) Schematic structure of the motor neuron
enhancer (MNE) from the mouse Hb9 gene.
The M50 and M100 subregions correspond
to areas of 90% homology between mouse
and human Hb9. The position of the oligonu-
cleotides used for mobility shift experiments
is listed, and the bHLH E box and Isl1:Lhx3
element (IL-E) are indicated.
(B) A repeated element occurs in both M50
and M100C (red boxes). GTTC or ATTA se-
quences in each probe were mutated for in
vivo expression experiments and gel retarda-
tion assays.
(C–G) GFP expression in HH stage 24 chick
embryos following electroporation of wild-
type and mutant derivatives of MNE::GFP.
(C) MNE::GFP expression is restricted to mo-
tor neurons.
(D) Mutation of the ATTA core sequence
within IL-E disrupts MNE::GFP expression.
(E) Isl1 and Lhx3 transactivate the motor neu-
ron enhancer in the dorsal neural tube where
endogenous bHLH factors are expressed.
(F and G) DNA binding mutants of Isl1
(Isl1N230S) and Lhx3 (Lhx3N211S) (Thaler et
al., 2002) were unable to stimulate MNE::GFP
expression.
(H) Gel retardation analysis with M50 (lanes
1–8) and M100C (lanes 9–16) probes. A
DNA:protein complex is detected when both
Isl1 and Lhx3 are included in the binding reac-
tion (lanes 4 and 12) but not when the factors
are added alone (lanes 2, 3, 10, and 11). The
addition of antibodies for Isl1 and Lhx3 super-
shifted or disrupted the complex, whereas
preimmune (PI) serum did not have this effect
(lanes 5–8 and 13–16). These results indicate
that both Isl1 and Lhx3 are required for bind-
ing and are present in the complex.
(I) Isl1:Lhx3 protein binding in the presence
of 50- and 100-fold molar excess of unlabeled
oligonucleotides based on the M50 (lanes
1–9) and M100C (lanes 10–18) sequences.
The self (wild-type) and GTTCm oligonucleo-
tides were highly effective competitors (lanes
1–4 and 10–14), whereas ATTAm and nonself
oligonucleotides were ineffective competi-
tors (lanes 5–9 and 15–18). These results es-
tablish a role for the reiterated ATTA motif in
Isl1:Lhx3 binding.
(J) The binding of Isl1 and Lhx3 to MNE was
analyzed by chromatin immune precipitation
analysis. Isl1, Lhx3, NeuroM, and E47 were
cotransfected in P19 cells with (lanes 2–5) or
without (lanes 6–9) the cloned Hb9 promoter.
Either flag-tagged Isl1 or flag-tagged Lhx3
were used in the transfection. DNA coimmu-
noprecipitated with flag-proteins was identi-
fied by PCR; lanes 1 and 10 are size stan-
dards. Isl1 and Lhx3 were found to bind
transfected MNE and endogenous MNE in
vivo.
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domains of Isl1 (Isl1 N230S) and Lhx3 (Lhx3 N211S) likely to be based solely on DNA recognition, since bind-
ing to MNE is not sufficient for factors such as Mash1prevented their activation of the MNE reporter (Figures
5E–5G). Thus, LIM-HD and bHLH factors bind directly to cooperate with Isl1 and Lhx3.
to Hb9 and regulate MNE activity.
bHLH and LIM-HD Cooperativity Requires
NLI DimerizationNeuroM:E47 and Isl1:Lhx3 Synergize
to Stimulate Transcription Dominant-negative variants of the LIM adaptor protein
NLI that inhibit dimerization disrupt motor neuron differ-To understand the basis for the cooperation between
NeuroM, Isl1, and Lhx3 in motor neuron specification, entiation (Thaler et al., 2002). We considered the possi-
bility that NLI might serve as a scaffold to position thewe examined how these factors regulate the transcrip-
tion of MNE::luciferase reporter constructs in P19 cells. homeodomains of the LIM factors for DNA binding; how-
ever, our DNA binding studies were inconsistent withIsl1 and Lhx3, alone or in combination, were unable to
activate the reporter more than 2- to 3-fold (Figure this because Isl1:Lhx3 complexes bind IL-Es without
NLI. This prompted us to reconsider what role NLI played6A), despite the presence of endogenous NLI in P19
cells (data not shown). NeuroM and E47 activated tran- in motor neuron differentiation. First, we tested whether
NLI dimerization was required for gene expression inscription6-fold (Figure 6A). However, when Isl1, Lhx3,
NeuroM, and E47 were coexpressed, transcription was motor neurons. Chick embryos were electroporated with
MNE::GFP and the isolated dimerization domain (DD-stimulated50-fold, greatly exceeding the summed ac-
tivity of the individual factors (Figure 6A). Similarly, in NLI) of NLI. HH stage 14 embryos were used in order
to allow motor neurons to be specified prior to the ex-NIH3T3 cells, Isl1:Lhx3 and NeuroM:E47 each activated
the MNE::luciferase reporter 2- to 8-fold, whereas the pression of DD-NLI. Under these conditions, GFP ex-
pression was inhibited by DD-NLI (Figures 7A and 7B).combination of factors enhanced transcription 100-
fold (Figure 6B). In addition, the LIM analog DD-Isl1- Likewise, DD-NLI inhibited ectopic motor neuron speci-
fication driven by Isl1, Lhx3, and NeuroM (Figures 7CLhx3 also had a low basal transcription level which was
synergistically enhanced in the presence of NeuroM and 7D), consistent with previous studies (Thaler et al.,
2002).(Figure 6B).
In principle, the synergy between NeuroM:E47 and To examine the role of NLI in gene regulation, we
assayed LIM-HD and bHLH transcriptional activity whenIsl1:Lhx3 could be based on strong protein-protein inter-
actions that override the need for DNA binding (Poulin NLI self-association was prevented. Overexpression of
DD-NLI disrupted transcriptional synergy, though theet al., 2000). To investigate this, E box mutants of MNE
were tested in transcription assays with NeuroM:E47 additive effects of these factors on transcription re-
mained (Figure 7E). Deletion of the LIM domains fromand Isl1:Lhx3. The separate mutations of the E box ele-
ments markedly reduced the level of synergy, and the Isl1 prevents its interaction with NLI and eliminates its
ability to promote motor neuron differentiation (Thalersimultaneous mutation of both elements entirely elimi-
nated the functional interaction between the bHLH and et al., 2002). To further establish the role of LIM-HD
dimerization in mediating interactions with bHLH pro-LIM-HD factors (Figure 6C). Likewise, point mutations
within the IL-E DNA elements that abolish LIM-HD bind- teins, we replaced the LIM domains of Isl1 with the
self-binding domain from the lambda repressor proteining also disrupted the synergy (Figure 6D). Therefore,
DNA binding appears to be a critical prerequisite for (-Isl1) (Pabo et al., 1979). This substitution allowed
-Isl1 to dimerize in an NLI-independent manner. Wecooperativity.
found that transcriptional synergy occurred between
-Isl1, Lhx3, and NeuroM, though the overall level ofA Specific bHLH and LIM-HD Code for Motor
activity was reduced (Figure 7F). In addition, -Isl1 coop-Neuron Specification
erated with Lhx3 and NeuroM to specify motor neurons,Since E box elements are likely promiscuous sites for
though much less efficiently than the native combinationbinding multiple bHLH factors (Bertrand et al., 2002),
of proteins (Figure 7G). -Isl1 and Lhx3 also retainedwe tested whether other bHLH factors could synergize
their selectivity for NeuroM, failing to cooperate withwith Isl1:Lhx3. Cell transfection experiments with E47
Mash1 (data not shown). These results indicate that the(alone), Nscl1, Nscl2, Olig2, Paraxis, and Mesp failed to
dimerization of Isl1:Lhx3 complexes, normally mediateddetect synergistic activation of MNE with Isl1:Lhx3 (data
by the adaptor protein NLI, facilitates a cooperative in-not shown). Likewise, none of these bHLH factors could
teraction with NeuroM that promotes high-level genecooperate with the LIM-HD proteins to trigger motor
expression for motor neuron differentiation.neuron differentiation in the neural tube (data not
shown).
Among the bHLH factors known to promote neurogen- Discussion
esis, both NeuroM C and Mash1 failed to synergize
with the LIM-HD factors in transcription assays, whereas Proneural bHLH transcription factors have been impli-
cated in controlling neuronal differentiation in coor-NeuroM N was active (Figure 6E). Similarly, NeuroM
N cooperated with the LIM-HD factors to trigger motor dination with subtype-specifying homeodomain factors
(Bertrand et al., 2002; Brunet and Ghysen, 1999). Never-neuron differentiation, but NeuroM C and Mash1
lacked this function (Figure 3M). Therefore, specific theless, it has remained unclear whether these two dif-
ferentiation pathways operate independently or whetherbHLH factors functionally interact with Isl1 and Lhx3 to
activate high levels of transcription and promote motor crossregulatory mechanisms exist to maintain the proper
synchrony between these separate processes. To ad-neuron development. Moreover, this selectivity is un-
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Figure 6. Isl1:Lhx3 and NeuroM:E47 Func-
tion Cooperatively to Activate Transcription
(A) Isl1:Lhx3 and NeuroM:E47 have low tran-
scriptional activity in P19 cells using an
MNE::Luciferase reporter. However, coex-
pression of the LIM and bHLH factors syner-
gistically activate gene expression.
(B) Both Isl1:Lhx3 and DD-Isl1-Lhx3 function
cooperatively with NeuroM:E47 to promote
MNE-mediated transcription in NIH3T3 cells.
(C) The synergistic activation of transcription
in P19 cells with Isl1:Lhx3 and NeuroM:E47
is dependent upon functional E box elements
in MNE.
(D) Functional Isl1:Lhx3 elements (IL-E) are
required for cooperativity in P19 cells.
(E) Transcriptional synergy is selective for
specific proneural bHLH factors. NeuroM 
E47, NeuroM N  E47, and Ngn2  E47
cooperate with Isl1:Lhx3, whereas NeuroM
C  E47, Mash1  E47, and E47 (alone)
were unable to cooperatively activate MNE.
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Figure 7. NLI Dimers Mediate the Synergistic Interactions between Isl1:Lhx3 and NeuroM:E47
(A and B) Overexpression of the isolated dimerization domain of NLI (DD-NLI) disrupts the expression of MNE::GFP in motor neurons.
(C and D) DD-NLI inhibits the induction of motor neurons by Isl1:Lhx3 and NeuroM in the dorsal spinal cord.
(E) Synergistic transcriptional activation of MNE by Isl1:Lhx3 plus NeuroM:E47 was attenuated by coexpressing DD-NLI in P19 cells.
(F) The synergistic interaction between LIM and bHLH factors mediated by NLI dimerization in P19 cells can be partially substituted by
replacing the LIM domains of Isl1 with the self-dimerization domain from the lambda repressor protein (-Isl1).
(G) Quantitative analysis of motor neuron differentiation in electroporated chick embryos reveals that -Isl1 and wild-type Lhx3 have weak
motor neuron-inducing activity. Motor neuron differentiation is enhanced by including NeuroM.
dress this issue, we have examined how proneural and are necessary, we found that neurogenesis per se is
insufficient to account for the role of proneural genescell identity transcription factors regulate gene expres-
in motor neuron differentiation. For example, NeuroMsion for motor neuron development, focusing on Neu-
C retains normal activity in Gal4-transcription and neu-roM, Isl1, and Lhx3. We found that the LIM-HD factors
ronal differentiation assays yet is unable to cooperateIsl1 and Lhx3 specify motor neuron subtype identity via
with the LIM-HD factors to specify motor neurons. Like-a direct functional link with the bHLH factor NeuroM. The
wise, Mash1 has proneural activity but is unable to sub-functional dependency of LIM-HD factors on proneural
stitute for NeuroM. Thus, proneural bHLH factors suchbHLH proteins establishes a regulatory link between
as Ngn2 and NeuroM have two distinct and separablethese transcription factor pathways that ensures that
functions in motor neuron specification: to control neu-neuronal differentiation and subtype specification occur
rogenesis and to cooperate with Isl1 and Lhx3 as regula-together.
tors of motor neuron identity (Figure 8A).
How is neurogenesis coordinated with neuronal sub-
bHLH Function in Motor Neuron Differentiation type specification? A recurring strategy is simply the
Shh signaling activates a cascade of transcription fac- coactivation of both pathways by a shared regulator,
tors in the dividing progenitor cells for motor neurons such as Olig2 (Dubreuil et al., 2002; Mizuguchi et al.,
(Figure 8A) (Marquardt and Pfaff, 2001). This differentia- 2001; Novitch et al., 2001; Scardigli et al., 2001) (Figure
tion pathway leads to the coexpression of NeuroM, Isl1, 8A). In principle, once the two pathways are activated
and Lhx3 as motor neurons emerge from the ventricular they could operate independently; however, if this were
zone and differentiate as postmitotic cells. We found the case, it is unclear how the two processes would
that NeuroM, Isl1, and Lhx3 cooperate to drive motor avoid becoming dissociated when Notch signaling feeds
neuron differentiation from a variety of progenitors, in- back to inhibit neurogenesis. Our studies reveal a mech-
cluding neuroepithelial cells, neural crest cells, and P19 anism for ensuring that neuronal subtype specification
stem cells. Ngn2 and NeuroM expression overlaps, sug- is directly linked to neuronal differentiation. This is based
gesting that their composite activity may contribute to on functional cooperativity between the proneural bHLH
motor neuron specification. Nevertheless, Ngn2 pre- factors and LIM-HD proteins, which serves as a surveil-
cedes and perhaps regulates NeuroM (Perron et al., lance mechanism that prevents the transcription factors
1999) and might therefore be expected to compensate for neuronal subtype specification from acting in neuro-
in NeuroM mutants (Tomita et al., 2000), though motor epithelial cells that are not becoming neurons (Figure
neuron development has not been carefully examined 8A). Since Isl1 is expressed by postmitotic cells whereas
in these animals. Correspondingly, in Ngn2 mutant mice, the expression of proneural factors such as Ngn2 is
motor neuron specification is severely compromised, initiated earlier, a question arises as to the timing of
yet neurogenesis appears normal, likely due to redun- each differentiation step. Perhaps Ngn2 and NeuroM
dancy with Ngn1 (Scardigli et al., 2001). Our results indi- begin to promote neurogenesis slightly before they con-
cate that the motor neuron defect in Ngn2 mutants is due tribute to motor neuron subtype specification. It is also
to its function in motor neuron subtype specification. possible that the bHLH factors prevent reentry into the
Traditionally, proneural factors such as Ngn2 and cell cycle by upregulating p27Kip1 and activating the ex-
NeuroM have been thought to contribute to motor neu- pression of generic neuronal genes such as neurofila-
ron differentiation as regulators of neurogenesis—by ment and -tubulin at the same time that Isl1 becomes
promoting cell cycle exit, activating panneuronal genes, expressed with Lhx3 and motor neuron subtype identity
is specified.and inhibiting glial differentiation. While these functions
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Transcriptional Synergy Links the Activity of bHLH
and LIM-HD Proteins
Gene deletions of Isl1, Lhx3/(4), and Ngn2 disrupt normal
Hb9 expression (Pfaff et al., 1996; Scardigli et al., 2001;
Sharma et al., 1998). These genetic studies suggested
that the promoter of Hb9 might serve as a useful sub-
strate for characterizing how LIM-HD and bHLH factors
regulate gene expression and motor neuron differentia-
tion. We characterized a compact evolutionarily con-
served MNE within the Hb9 gene (S.-K.L. and S.L.P.,
unpublished data) and found that Isl1, Lhx3, and NeuroM
synergistically cooperate to regulate transcription via
this enhancer (Figure 8B). The degree of transcriptional
synergy between bHLH and LIM-HD proteins was corre-
lated with their effectiveness at promoting motor neuron
differentiation. Chimeric LIM-HD proteins DD-Isl1-Lhx3
and the -Isl1/Lhx3 combination synergized less effi-
ciently with NeuroM in transcription assays and accord-
ingly generated fewer motor neurons in vivo. Thus, the
efficiency of motor neuron specification appears to de-
pend on the level of transcription of NeuroM/Isl1/Lhx3
target genes. Theoretically, derivatives of Isl1, Lhx3, and
NeuroM that enhance their ability to activate gene ex-
pression might be especially efficient at triggering motor
neuron formation from stem cells. In nature this may not
have been a selective advantage, however, because the
weak transcriptional activity of Isl1 and Lhx3 ensures
that they cooperate with proneural bHLH factors. This
codependency underlies the mechanism by which neu-
ronal subtype specification is linked to neuronal differ-
entiation.
LIM-HD and bHLH Binding to MNE
Protein binding studies with the motor neuron enhancer
MNE from the Hb9 gene revealed that NeuroM interacts
with two E box sites located within these regulatory
sequences. Similarly, two Isl1:Lhx3 binding elements
(IL-Es) were identified near the E boxes, and in both
cases, the functional units for DNA binding were hetero-
dimers comprised of NeuroM:E47 at the E boxes and
Isl1:Lhx3 at the IL-Es (Figure 8B). With some examples of
transcriptional synergy, the protein-protein interactions
between factors are strong enough to compensate for
the loss of DNA binding of one of the factors (PoulinFigure 8. Model for Coupling Neurogenesis and Cell Fate Specifica-
tion during Motor Neuron Development et al., 2000). However, when NeuroM:E47 or Isl1:Lhx3
(A) Motor neuron progenitor cells express unique combinations of binding to DNA was disrupted, transcriptional synergy
progenitor factors in response to sonic hedgehog signaling. These and motor neuron inducing activity were lost. Thus, if
transcriptional regulators establish discrete progenitor cell domains direct protein-protein interactions occur between Neu-
through crossrepressive interactions, and they coordinately trigger
roM:E47 and Isl1:Lhx3, they are not sufficient to com-the expression of bHLH neurogenic proteins and homeodomain
pensate for a loss of DNA binding.factors for establishing neuronal subtype identity. In this report, we
Although NeuroM:E47 binds the canonical E box sitesshow that specific bHLH transcription factors contribute to motor
neuron differentiation in two ways: they regulate neurogenesis, a within MNE with high affinity and selectivity, other bHLH
process whereby cells acquire generic neuronal properties, and they proteins, such as Mash1:E47, can also bind to these
cooperate with LIM homeodomain factors to specify motor neuron sites. Despite binding to the E boxes, Mash1 is unable
subtype identity.
to synergize with the LIM-HD factors (Figure 8B). This(B) The functional interaction between specific bHLH transcription
leads to a possible scenario in which Mash1 can antago-factors such as NeuroM:E47 and higher order LIM-HD complexes
nize motor neuron generation under conditions in whichcomprised of NLI, Isl1, and Lhx3 is mediated by the dimerization of
NLI. bHLH and LIM-HD factors bind independently to DNA but inter- NeuroM must compete for DNA binding. This may ex-
act synergistically to activate transcription and promote motor neu- plain why motor neuron specification is disrupted when
ron differentiation. This synergistic interaction does not occur with Mash1 is expressed under the regulatory control of Ngn2
Mash1. The function of NLI can be partially substituted by using
(Parras et al., 2002). Conversely, the overexpression ofthe self-associating domain from the lambda repressor protein to
Ngn2 together with Olig2 in the hindbrain might be morefacilitate dimerization of the LIM-HD factors.
effective at triggering motor neuron differentiation from
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Mash1 progenitor cells than Olig2 alone, because the may serve to integrate numerous transcriptional inputs
for gene regulation during development. By couplingincreased Ngn2 might displace Mash1 from regulatory
elements for motor neuron specification (Mizuguchi et the activity of transcription factors, context-dependent
functions can be obtained with proteins expressed inal., 2001). In Olig1/2 mutant mice, motor neurons fail to
develop (Lu et al., 2002; Takebayashi et al., 2002; Zhou multiple cell lineages. In the case of motor neurons,
members of the bHLH and LIM-HD gene families coop-and Anderson, 2002). The lack of Isl1 expression in the
ventral neural tube of these mutants probably blocks erate to regulate neuronal subtype specification.
motor neuron specification. In addition, Mash1 spreads
Experimental Proceduresventrally in Olig1/2 mutants and Ngn2 is downregulated.
The expression of Mash1 in motor neuron progenitors
DNA Constructs
might also contribute to the defect in motor neuron Rat Isl1, Mash1; mouse Lhx3, NLI, Ngn2, and E47; chick NeuroM,
specification found in Olig1/2 mutants. More generally, Cash1; nuclear LacZ, -Isl1 were cloned into pCS2 (Turner and
this type of competitive DNA binding interaction appears Weintraub, 1994) containing a hemaglutinin- or myc-epitope tag for
expression in cells, pcDNA3 (Clontech) containing a hemaglutinin-to represent another example of a crossrepressive
or flag-epitope tag for in vitro protein expression, and pM (Clontech)mechanism in the neural tube for ensuring proper cell
for Gal4 transcription assays. NLI-DD, DD-Isl1-Lhx3, Lhx3-N211S,fate specification (Lee and Pfaff, 2001; Muhr et al., 2001).
Isl1-N230S, MNE::Luciferase, and MNE::GFP from Thaler et al. (2002)
and S.-K.L. and S.L.P. (unpublished data). NeuroM N (aas 85–331),
A Mechanism for Integrating Developmental NeuroMN (aas 1–143), and NeuroM bHLH (aas 84–144) were ampli-
fed using Pfu polymerase (Stratagene) and cloned into pCS2-myc.Pathways: NLI Dimerization
Point mutants were generated using a PCR-based mutagenesisNLI is a widely expressed protein that interacts with a
method (QuikChange, Stratagene).variety of factors, including Ptx1, achaete, scute, daugh-
terless, pannier, SSDP, bicoid, and nuclear LIM factors
In Ovo Electroporation
(Agulnick et al., 1996; Bach et al., 1997; Chen et al., Chick eggs (Charles River and McIntyre Farms) were incubated
2002; Jurata et al., 1996; Ramain et al., 2000; Torigoi et in a humidified chamber, and embryos were staged according to
Hamburger and Hamilton (HH) (Hamburger and Hamilton, 1951).al., 2000). Consequently, mutant mice deficient in NLI
DNA constructs were injected into the lumens of HH stage 12 to 14exhibit numerous developmental defects starting at
chick embryonic spinal cords. Electroporation was performed usingearly stages in development (Mukhopadhyay et al.,
a square wave electroporator (BTX) (Nakamura et al., 2000). Coelec-2003). The binding of Drosophila NLI (Chip) to bHLH
troporation results in 80% of cells expressing all constructs. Incu-
proteins achaete, scute, and daughterless (Ramain et bated chicks were harvested and analyzed at HH stage 18 to 24.
al., 2000) raises the possibility that NLI serves as a linker
between LIM-HD and bHLH proteins (Bertrand et al., Immunostaining and In Situ Hybridization
Immunohistochemistry was performed as described previously2002). However, several lines of evidence suggest that
(Thaler et al., 1999). The following antibodies were used: mousethis might not be the case for motor neuron differentia-
anti-Mnr2/Hb9 (5C10, DSHB), mouse anti-Isl2 (4H9, DSHB), rabbittion. First, in Drosophila, bHLH and LIM-HD factors ap-
anti-LacZ, mouse anti-myc (9E10, DSHB), rat anti-BrdU (Harlan
pear to bind to the same site in NLI, creating a potentially Sera-Lab), mouse anti-p27 (BD Transduction Laboratories), mouse
competitive rather than cooperative situation. Second, anti-TuJ1 (BabCo), mouse anti-HA (BabCo), rabbit anti-HB9 (Thaler
the dimerization domain of the lambda repressor protein et al., 1999), and goat anti-VAChT (Chemicon).
Digoxigenin-labeled riboprobes complementary to chick Isl1,substitutes for NLI function, at least partially, when fused
Lhx3, NeuroM, Ngn2, and Cash1 were synthesized according to thedirectly to the LIM-HD factor Isl1 (Figure 8B). Third, if
supplier’s protocol (Roche) and used for in situ hybridization asNLI bound tightly to NeuroM, it might have obviated a
described (Schaeren-Wiemars and Gerfin-Moser, 1993; Tsuchida et
need for NeuroM binding to DNA, which was not ob- al., 1994).
served.
Several studies have found that NLI-mediated dimer- BrdU Incorporation Assays
BrdU (100M) was applied to embyos in ovo, followed by incubationization is required for LIM-HD function in vivo, including
for 30 min at 38	C. Embryos then were fixed and analyzed.sensory neuron differentiation (Becker et al., 2002; Seg-
awa et al., 2001), wing patterning (Milan and Cohen,
Cell Culture and Transient Transfection Assays1999; van Meyel et al., 1999), V2 interneuron develop-
P19 embryonic carcinoma cells were cultured in 
minimal essential
ment (Thaler et al., 2002), and motor neuron specifica- media supplemented with 10% fetal bovine serum. Cells were
tion (Thaler et al., 2002). Nevertheless, it has been un- seeded and incubated for 24 hr, and transient transfections were
clear how dimerization contributes to the function of performed using Lipofectamine 2000 (Invitrogen). A CMV--galacto-
sidase plasmid was cotransfected for normalization of transfectionLIM-HD proteins. Our studies indicate that NLI dimeriza-
efficiency, and empty vectors were used to equalize the total amounttion facilitates cooperative interactions between multi-
of DNA. Cells were harvested 36 hr after transfection. Cell extractsple transcription factors. In motor neurons this occurs
were assayed for luciferase activity and the values were corrected
when Isl1:Lhx3 complexes bound at two separate IL-Es with -galactosidase activity. Data are represented as means of
are bridged by NLI in the presence of NeuroM (Fig- triplicate values obtained from representative experiments. All trans-
ure 8B). fections were repeated independently at least three times.
While this example of NLI bridging in motor neurons
Electrophoretic Mobility Shift Assaysoccurs over a relatively short range, it is also thought
The M50, M100A, M100B, and M100C double-stranded oligonucleo-that NLI serves as a long range “enhancer-facilitator,”
tides were end labeled with 
-32P-dCTP, using the Klenow fragment.drawing distal enhancers into close proximity with pro-
NeuroM, E47, Isl1, and Lhx3 proteins were synthesized from plas-
moters (Morcillo et al., 1997). Since NLI is widely ex- mids of pcDNA3 (Invitrogen), using the Promega TNT coupled tran-
pressed and interacts with all of the nuclear LIM proteins scription-translation kit. Parallel reactions with 35S-methionine or
unlabeled methionine were performed. Labeled proteins were ana-and perhaps other classes of transcription factors, it
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lyzed by SDS-polyacrylamide gel electrophoresis (PAGE) to ensure domain protein code specifies progenitor cell identity and neuronal
fate in the ventral neural tube. Cell 101, 435–445.proper synthesis. Binding mixtures for reaction of NeuroM and E47
included 10 mM Tris-HCl (pH 7.5), 50 mM NaCl, 1 mM EDTA, 1 mM Brunet, J.F., and Ghysen, A. (1999). Deconstructing cell determina-
dithiothreitol, 5% glycerol, 200 ng of poly(dI-dC), 3  104 cpm of tion: proneural genes and neuronal identity. Bioessays 21, 313–318.
each probe, and in vitro-translated proteins. Binding mixtures for
Chen, L., Segal, D., Hukriede, N.A., Podtelejnikov, A.V., Bayarsaihan,
reaction of Isl1 and Lhx3 included 10 mM HEPES (pH 7.7), 75 mM
D., Kennison, J.A., Ogryzko, V.V., Dawid, I.B., and Westphal, H.
KCl, 2.5 mM MgCl2, 0.1 mM EDTA, 1 mM dithiothreitol, 10% glycerol, (2002). Ssdp proteins interact with the LIM-domain-binding protein
2 g of poly(dI-dC), 3  104 cpm of each probe, and in vitro-trans-
Ldb1 to regulate development. Proc. Natl. Acad. Sci. USA 99, 14320–
lated proteins. The reaction mixtures were incubated at room
14325.
temperature for 30 min and analyzed by nondenaturing PAGE (5%
Dubreuil, V., Hirsch, M.R., Jouve, C., Brunet, J.F., and Goridis, C.polyacrylamide) at 4	C. For supershift assays, 1 l of 1:10 diluted
(2002). The role of Phox2b in synchronizing pan-neuronal and type-anti-flag antibody (Eastman Kodak), anti-E47 antibody (Santa Cruz
specific aspects of neurogenesis. Development 129, 5241–5253.Biotechnology), anti-Isl1 antibody (Tsuchida et al., 1994), or anti-
Lhx3 antibody (Sharma et al., 1998) were preincubated with in vitro- Edlund, T., and Jessell, T.M. (1999). Progression from extrinsic to
translated proteins for 5 min, added to the DNA binding reaction, intrinsic signaling in cell fate specification: a view from the nervous
and incubated for 30 min before electrophoresis. system. Cell 96, 211–224.
Farah, M.H., Olson, J.M., Sucic, H.B., Hume, R.I., Tapscott, S.J., and
Chromatin Immunoprecipitation Assays Turner, D.L. (2000). Generation of neurons by transient expression of
P19 cells were harvested 24 hr after transfection and crosslinked neural bHLH proteins in mammalian cells. Development 127,
with 1% formaldehyde for 10 min. The nuclear fraction was isolated 693–702.
and sonicated to shear genomic chromatin, clarified by centrifuga-
Hamburger, V., and Hamilton, H. (1951). A series of normal stages
tion, precleared with protein A beads, and immunoprecipitated with
in the development of chick embryo. J. Morphol. 88, 49–92.
anti-flag antibody (Eastman Kodak) or control IgG (Santa Cruz Bio-
Harrison, K.A., Druey, K.M., Deguchi, Y., Tuscano, J.M., and Kehrl,technology). Following immunoprecipitation and immobilization of
J.H. (1994). A novel human homeobox gene distantly related toimmunocomplexes, proteinase K digestion was allowed to proceed
proboscipedia is expressed in lymphoid and pancreatic tissues. J.at 65	C overnight. DNA was purified using QIAquick spin columns
Biol. Chem. 269, 19968–19975.(Qiagen). PCR was carried out on the eluted DNA using specific
Hobert, O., and Westphal, H. (2000). Functions of LIM-homeoboxprimers to the MNE region within the mouse Hb9 gene (forward, 5-
genes. Trends Genet. 16, 75–83.GCAACACTTCCAGGCTCAGCCAG-3; reverse, 5-CTGTTCTTGCA
GACTAGCAGG-3). Jessell, T.M. (2000). Neuronal specification in the spinal cord: induc-
tive signals and transcriptional codes. Nat. Rev. Genet. 1, 20–29.
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